). The addition of dsRNA against green fluo-S1 on Cell website, and Figure 1B, lanes 1 and 7) . Under all these conditions, there was no change in the levels rescent protein (gfp) had no effect, demonstrating the specificity of the effect produced by the mts dsRNA. of ␤-GAL ( Figure 1A, fourth panel) , indicating the specificity of Cal A for PER. Cal A also affected levels of TIM Reducing the levels of DBT had moderate effects on PER most likely due to the stabilization of PER by TIM ( Figure 1B, lanes 4 and 5) as well as the Gal4 driver, but not in flies carrying the We also examined levels of MTS, WDB, and TWS in UAS sequence in the opposite orientation ( Figure 3A) . the S2 cells to verify that they were knocked down by Flies carrying one copy of the UAS transgene with the RNAi treatment. dsRNA against mts produced a the tim-GAL4 driver showed a ‫7.0ف‬ hr longer period as reduction not only in levels of MTS, but also of TWS and compared to their controls (Supplemental Table S1 on WDB ( Figure 1C) ducing two copies of the UAS transgene, lengthened The most effective RNAi-mediated knockdown was obthe period by 1.5-2 hr (data not shown, Figure 3B , Table  tained for WDB. This is most likely why this treatment S1 online). had the strongest effect on PER levels ( Figure 1C, Figure 1D ). The effect which is twice the increase in period effected by WDB on TIM, either transfected alone (data not shown) or in overexpression in a wild-type background (Table S1 We also examined the effect of wdb overexpression aa P1 and 443 aa P2 proteins differ only in the extreme amino terminus (Figure 2A ). We performed RNase proon PER levels. Although, PER levels continued to cycle, the amplitude of the oscillation was severely blunted tection assays (RPA) using a probe that would distinguish the P1 and P2 transcripts and found that levels (2-fold as compared to 5-fold) and the levels were elevated ( Figures 3C and 3D ). In addition, at circadian time of the P1 transcript cycle with 5-fold amplitude over the course of a day, but the levels of P2 do not ( Figure 2B ).
(CT) 2, when PER is normally hyperphosphorylated, there was an increase in the higher mobility forms that In wild-type flies, the cycling also persists in constant darkness, demonstrating that it is a freerunning rhythm correspond to hypophosphorylated PER. The effect of wdb overexpression on TIM oscillations was much less (data not shown). The cycling of P1 is eliminated in the cyc 0 mutant (cyc null), indicating that cyclic tws expressevere. TIM levels did not oscillate significantly in con- All the flies in the parental EP3559 line were rhythmic, while 5% of the flies carrying EP3559 along with the TG driver were arrhythmic after ‫4ف‬ days in constant conditions. (C) WDB overexpression increases PER levels in the adult fly head. Flies were collected on the first day in DD after three days of entrainment to a light:dark cycle (under these conditions, CT0 or circadian time 0 refers to subjective "lights on" and CT12 is subjective "lights off") . Equivalent amounts of total protein from wild-type and WDB overexpressing (TG/cy0; EP3559) flies were blotted and sequentially probed with anti-PER and anti-TIM antibodies. Equal loading was ensured by Ponceau S staining. The asterisk (*) denotes a breakdown product of PER that is usually present in samples with high levels of PER. (D) PER levels are increased in flies overexpressing WDB. Three sets of extracts were assayed on 6% acrylamide gels and levels of PER and TIM were determined through densitometry using a Kodak image station. Levels were normalized relative to the wild-type peak levels (set as 1) and plotted. Although peak PER levels were relatively unchanged, levels were significantly higher at other points (p Ͻ 0.02). However, such an increase in TIM levels was not seen. on overall stability, the cell culture data suggest that it has a role in promoting PER expression in the nucleus. Figure 4C ).
A Loss-of-Function Mutation in tws Affects PER Expression and the Timing of Its Nuclear Entry
To determine whether TWS acts within the clock neurons to affect PER stability and nuclear translocation, we obtained an enhancer trap line in which the lacZ gene is inserted within the tws locus. We stained third instar larval brains for ␤-Gal and PDF and found that tws is expressed within the lateral neurons ( Figure 4D ). In addition, consistent with the role for tws in CNS development, we found ␤-Gal expression in many neurons scored on a scale of 1-10. Relative PER intensity scores at various circadian times were plotted. PER staining was significantly lower (p ϭ 0.00001, two-sample unpaired t test) than the control at CT18. (C) Delayed PER nuclear entry in tws 60 mutants. PER staining was visualized essentially as described above in control (Tb) and tws 
Manipulations of tws and of the PP2A Catalytic Subunit Affect Behavioral Rhythms
In order to overexpress tws, we crossed flies carrying a UAS-tws transgene to tim-Gal4 and Pdf-Gal4 containing flies. While flies expressing tws under control of the timGal4 driver were not viable, those expressing tws in Pdfpositive cells were tested for activity rhythms. As shown in Figure 5 and in Table 1 , these flies displayed short period rhythms that degenerated into arrhythmia after 4-7 days in constant darkness. A similar phenotype was observed when tws was expressed under control of the Gal1118 driver (data not shown), which also localizes primarily to Pdf-positive neurons (Grima et al., 2002) . Thus, the regulation of tws levels is critical for the maintenance of behavioral rhythms.
To confirm that PP2A activity regulates behavioral rhythms, we tested flies with increased or decreased activity of the catalytic subunit (mts) of PP2A. Null mutations of mts cause lethality in early embryonic stages (Snaith et al., 1996) Table 1 ). The rhythms also appeared to be unstable in (Table 1) dosage of PP2A. These data are consistent with a major role for PP2A in the molecular clock.
PP2A Affects PER Phosphorylation and PER day (Figure 6A). This indicates that PP2A is required for the cycling of PER and most likely also promotes its Cycling in Clock Neurons
To determine effects of PP2A on PER cycling, we examnuclear expression. In the presence of the dominantnegative MTS, PER expression was practically undeined PER expression in the clock neurons at different times of day. In control flies, PER cycled such that levels tectable at all times of day. Levels appeared to be lower than the trough level, CT-14, of wild-type flies. This indiwere high and nuclear at CT-20 and CT-2 ( Figure 6A ). Levels were decreased at CT8 and further reduced and cates that PP2A is required for PER stability.
To determine whether the effect of PP2A on PER stacytoplasmic at CT-14. In flies overexpressing wild-type MTS, PER did not cycle and was nuclear at all times of bility was mediated by the control of its phosphorylation, we assayed the phosphorylation status of PER in the as S2 cell-derived PP2A ( Figure 6C ). An inhibitor of PP1 had no effect and Western blots indicated that the phostransgenic flies. We examined PER expression at CT-2, a time of day when PER is maximally phosphorylated, phatase treatment did not affect PER levels (data not shown). To determine whether PER dephosphorylation and at CT-14, when phosphorylation of PER is minimal. In control flies, the electrophoretic mobility of PER was is effected specifically by PP2A, we assayed equivalent concentrations of PP1 and lambda phosphatase in this different at the two times, consistent with the normal phosphorylation profile (Edery et al., 1994) ( Figure 6B ). assay. Neither had any effect on PER ( Figure 6D and data not shown). A 50-fold excess of PP1 produced Treatment of the CT-2 lysate with 400 units of lambda phosphatase reduced the size of the PER band, demonslight dephosphorylation and, as noted above, 400 units of lambda phosphatase dephosphorylated PER exstrating that the altered mobility was due to phosphorylation. In flies overexpressing MTS, hypophosphorylated pressed in adult fly heads. Together these data suggest that PP2A acts directly on PER to dephosphorylate it (high-mobility) forms of PER were still present at CT-2 and there was a decrease in hyperphosphorylated (lowand drive its cycling. mobility) forms. In flies expressing the dominant-negative MTS, PER expression was reduced at CT-14 (data Discussion not shown). On Western blots, oscillations of PER were observed in flies expressing wild-type or dominant-negPosttranscriptional regulation of clock gene products is critical for the function of circadian oscillators. Previous ative MTS. This is likely due to the low expression of the tim-UAS-Gal4 driver in photoreceptor cells (data not studies in Drosophila showed that mechanisms other than RNA oscillations could sustain molecular cycling of shown). Since PER-TIM expression in these cells constitutes a large part of the signal seen on Westerns, the PER and TIM proteins. Phosphorylation is one possible mechanism by which this could occur. Although the Western blot results may not be representative of the effects of PP2A on the clock. Alternatively, the effects kinases that phosphorylate PER and TIM do not appear to cycle, in this study we have identified two genes may be different in different PER-TIM-expressing tissues. However, in the rest:activity relevant clock cells encoding phosphatase regulatory subunits, tws and wdb, that are expressed in a cyclic fashion. Both WDB (lateral neurons), PER oscillations are abolished (Figure 6A) . and TWS act on PER and affect its stability, although TWS may be more important in vivo (further discussed To determine if PP2A acts directly on PER, we used an in vitro dephosphorylation assay. We purified PER below). Moreover, mutations affecting the levels of these subunits or of the PP2A catalytic subunit affect molecufrom bacteria and phosphorylated it in vitro using the active form of casein kinase 1␦. The casein kinase 1␦ lar/behavioral rhythms in flies in a predictable manner. Based on our findings we propose that the PP2A comwe used in these experiments is 93% similar to the corresponding region in Drosophila casein kinase 1⑀ plex rhythmically dephosphorylates and stabilizes PER at specific times in the circadian cycle and sustains PER (DBT); not surprisingly, it was very effective in phosphorylating PER (Figure S4 predict, a decrease in PP2A levels results in the lengthening of the circadian period (Table 1) . More importantly, Inhibitors of PP2A blocked the effects of purified as well this also produces profound molecular defects in the The different effects of WDB and TWS on PER together with the differential phases of their expression clock. Overexpression of either the wild-type or the dominant-negative mts transgene results in the loss of (Figure 2) suggest that different mechanisms mediate effects of these two subunits on the clock. In fact, they per cycling in LN v s (Figure 6 ). With the wild-type construct, PER is expressed at high levels and is constantly also have opposite effects on the behavioral rhythm. Opposing effects by different classes of PP2A regulatory nuclear. In contrast, in the presence of the dominantnegative construct, PER levels are low at all times. These subunits on SV40 DNA replication have previously been reported (Cegielska et al., 1994). In general, given the data indicate that PP2A normally serves to promote PER stability and most likely also its nuclear localization. The stronger phenotypes we see with tws (which mimic those obtained with mts) and the more robust oscillaeffect on nuclear localization would be consistent with some mammalian studies that indicate that casein kitions of its mRNA, we believe that tws is more relevant for clock function than wdb. This is also consistent with nase 1⑀ retains PER in the cytoplasm (Vielhaber et al.,  2000) . The control of PER expression by PP2A is almost certainly effected through a change in PER phosphorylation. We show here that PER phosphorylation is reduced in flies overexpressing wild-type MTS (Figure 6 ). It is unlikely that this results from an effect of PP2A on the kinases that phosphorylate PER because the only known effect of PP2A on a casein kinase, in particular on casein kinase 1⑀, results in an increase, rather than a decrease, in activity (Cegielska et al., 1998). In addition, our in vitro assay indicates that PP2A acts directly on PER. We predict that a balance between the mechanisms that stabilize PER (dephosphorylation) and those that destabilize it (phosphorylation) is critical for maintaining the cycling of PER protein. 32 P-labeled antisense tase inhibitor-2 (PPI-2, Biomol) were also included in the reaction. riboprobes against tws, wdb, and tubulin were synthesized and used The reactions were terminated by adding SDS gel loading dye and for RPA analysis as described (Williams et al., 2001 ). Relative RNA run on 6% SDS-polyacrylamide gels. The P 32 signal was detected abundance was normalized to the time point that had the highest by autoradiography. The amount of PER in each reaction was also value for each experiment (n ϭ 3 or 4). estimated by Western blot analysis. 
Regulatory Subunits of PP2A Are Expressed in a Circadian Fashion
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